Bar-headed geese (Anser indicus) fly at up to 9,000 m elevation during their migration over the Himalayas, sustaining high metabolic rates in the severe hypoxia at these altitudes. We investigated the evolution of cardiac energy metabolism and O 2 transport in this species to better understand the molecular and physiological mechanisms of high-altitude adaptation. Compared with low-altitude geese (pink-footed geese and barnacle geese), bar-headed geese had larger lungs and higher capillary densities in the left ventricle of the heart, both of which should improve O 2 diffusion during hypoxia. Although myoglobin abundance and the activities of many metabolic enzymes (carnitine palmitoyltransferase, citrate synthase, 3-hydroxyacyl-coA dehydrogenase, lactate dehydrogenase, and pyruvate kinase) showed only minor variation between species, bar-headed geese had a striking alteration in the kinetics of cytochrome c oxidase (COX), the heteromeric enzyme that catalyzes O 2 reduction in oxidative phosphorylation. This was reflected by a lower maximum catalytic activity and a higher affinity for reduced cytochrome c. There were small differences between species in messenger RNA and protein expression of COX subunits 3 and 4, but these were inconsistent with the divergence in enzyme kinetics. However, the COX3 gene of bar-headed geese contained a nonsynonymous substitution at a site that is otherwise conserved across vertebrates and resulted in a major functional change of amino acid class (Trp-116 / Arg). This mutation was predicted by structural modeling to alter the interaction between COX3 and COX1. Adaptations in mitochondrial enzyme kinetics and O 2 transport capacity may therefore contribute to the exceptional ability of bar-headed geese to fly high.
Introduction
Species that are adapted to high altitudes provide an exceptional opportunity to understand the molecular and physiological bases of adaptation. These species represent a unique system for studying adaptation because they have overcome a clear challenge to survival and reproductionlow atmospheric O 2 levels-and because the physiological mechanisms of O 2 transport and utilization are well understood. Both classic and recent work have demonstrated how the evolution of hemoglobin genes in high-altitude species can improve organismal performance by enhancing O 2 loading into the blood (Chappell and Snyder 1984) and have thus yielded many important insights into the molecular basis of adaptation (Perutz 1983; Jessen et al. 1991; Weber et al. 2002; Storz et al. 2007 Storz et al. , 2009 McCracken, Barger, et al. 2009; ). Similar studies in other physiological systems are lacking by comparison yet are crucial for understanding the integrated mechanisms of high-altitude adaptation.
Mitochondrial energy metabolism plays an important role in evolution and speciation (Das 2006; Gershoni et al. 2009 ). By consuming O 2 , mitochondria produce the majority of ATP needed to sustain cellular processes.
This function of mitochondria is critically dependent on the intracellular partial pressure of O 2 and should therefore be affected by the hypoxia at high altitudes (Gnaiger 2003; ). Although some evidence suggests that high-altitude adaptation can select for specific mitochondrial haplotypes (Ehinger et al. 2002) , the mechanisms and functional importance of mitochondrial evolution at elevation are unclear. The mitochondrial genome encodes 13 peptides that are essential components of enzymes involved in oxidative phosphorylation. Cytochrome c oxidase (COX), which catalyzes the terminal reduction of oxygen and whose catalytic core is encoded by three mitochondrial genes (COX1, COX2, and COX3), could be a particularly important target for selection during high-altitude adaptation. Functional modifications to this enzyme could foreseeably reduce the sensitivity of oxidative phosphorylation to intracellular hypoxia or minimize reactive oxygen species (ROS) production. However, although sequence variation in the subunits of this enzyme has been reported in some high-altitude animals (Di Rocco et al. 2006; Luo et al. 2008) , the importance of functional variation in COX for high-altitude adaptation has been largely unexplored ).
One of the most celebrated high-altitude performers is the bar-headed goose (A. indicus) . This species breeds on the high-altitude plateaus of central Asia and crosses the Himalayas on its biannual migration between central and southern Asia (Takekawa et al. 2009 ). These mountains are an insurmountable barrier to most bird species, which are forced to migrate long distances around the range (Irwin DE and Irwin JH 2005) , but bar-headed geese can fly over the highest peaks at altitudes of up to 9,000 m (Swan 1970) . Incredibly, bar-headed geese sustain the high rates of O 2 consumption that are necessary to fuel flight (Ward et al. 2002) despite the severe hypoxia at these elevations. The physiological basis for this impressive feat appears to involve multiple evolutionary changes that improve the uptake, circulation, and peripheral diffusion of O 2 during hypoxia (Petschow et al. 1977; Scott and Milsom 2007; ) as well as beneficial modifications in flight muscle metabolism ). However, the molecular bases for these specializations are unknown, with the notable exception of the single amino acid substitution underlying the enhanced O 2 affinity of bar-headed goose hemoglobin (Jessen et al. 1991; Zhang et al. 1996) .
Here, we demonstrate a potential molecular basis for high-altitude adaptation related to mitochondrial energy metabolism in bar-headed geese. We investigated the genetic, structural, and regulatory bases for a unique alteration in the physiology of cardiac COX that existed without prior exercise or hypoxia exposure. This putative adaptation occurred in conjunction with other cardiac specializations in O 2 transport capacity, showing that the evolution of many physiological systems is critical for sustaining exercise performance at high altitudes.
Materials and Methods

Experimental Animals
Measurements were made on six bar-headed geese (Anser indicus) (1.9-2.7 kg), eight barnacle geese (Branta leucopsis) (1.6-2.2 kg), and eight pink-footed geese (A. brachyrhynchus) (2.3-3.5 kg) that had been bred and raised at sea level by registered breeders. For each species, geese were acquired from two or more independent breeders. All birds were young adults of similar age (3-5 years old) and had never flown. These three species have a close phylogenetic relationship ( fig. 1 ), but the latter two species follow low-to moderate-altitude migration routes and live at low altitudes (Cramp and Simmons 1977) . All animal care and experimentation was conducted according to University of British Columbia animal care protocol no. A04-1013.
Tissue Sampling and Heart Histology Birds were terminally anaesthetized with an overdose of intravenously injected sodium pentobarbital. The heart and lungs were isolated and weighed. Left ventricles were sampled to include the epicardium, frozen in liquid N 2 -cooled isopentane (for histology) or directly in liquid N 2 (for enzyme, protein, RNA, and DNA analyses), and stored at À80°C until analysis.
Samples taken for histology were sectioned (10 lm) transverse to epicardium fiber length in a À20°C cryostat. Capillaries were identified by staining for alkaline phosphatase activity (assay buffer concentrations in mM: 1.0 nitroblue tetrazolium, 0.5 5-bromo-4-chloro-3-indoxyl phosphate, 28 NaBO 2 , 7 MgSO 4 ; pH 9.3) for 1 h at room temperature. Capillary densities (N A (c,f)) were later determined from images collected using light microscopy and were also used as an estimate of the capillary length density (J V (c,f)). Sufficient images (!5) were analyzed for each sample to account for heterogeneity, determined by the number of replicates necessary to yield a stable mean value. Capillary supply relative to metabolic demand was estimated by the ratio of J V (c,f) (mm mm
À3
) to citrate synthase (CS) activity (lmol mg tissue À1 min À1 ) (see Heart Enzyme Activity and Myoglobin Assays).
Heart Enzyme Activity and Myoglobin Assays
The frozen left heart ventricle samples were weighed and homogenized on ice in 20 volumes of homogenization buffer (concentrations in mM: 50 hepes, 5 ethylenediaminetetraacetic acid, 0.2 dithiothreitol (DTT), and 0.1%
FIG. 1
Hypothesized phylogenetic tree for geese. The phylogeny was generated in a previous study (Lee et al. 2008 ) using the maximum likelihood method and DNA sequences from the mitochondrial control region (see this previous study for other details). Branches are drawn proportional to their actual lengths. Species in bolded black font were those used for physiological measurements, COX expression, and phylogenetically independent contrasts analyses. Species in regular and bolded black font were used for aligning sequences of COX subunits (supplementary fig. S1 , Supplementary Material online; see Materials and Methods for other details). Species in regular gray font were not used in this study. Scott et al. · doi:10 .1093/molbev/msq205 MBE Triton-X-100; pH 7.4) and were stored at À80°C until assayed. The maximal activities (V max ) in heart homogenates of carnitine palmitoyltransferase (CPT), CS, 3-hydroxyacylcoA dehydrogenase (HADH), lactate dehydrogenase (LDH), and pyruvate kinase (PK) were assayed at 41°C in 50 mM Tris by measuring absorbance at 340 nm (HADH, LDH, and PK) or 412 nm (CPT and CS) for 5 min. Assays were performed under the following conditions (in mM): CPT, 5 carnitine, 0.035 palmitoyl-coA, 0.15 5,5-dithiobis-2-nitrobenzoic acid (DTNB), pH 8.0; CS, 0.5 oxaloacetate, 0.15 acetyl-coA, 0.15 DTNB, pH 8.0; HADH, 0.1 acetoacetyl-coA, 0.5 NADH, 0.2 DTT; LDH, 0.5 NADH, 25 pyruvate, pH 7.4; PK, 5 phosphoenolpyruvate, 0.5 NADH, 5 ADP, 0.01 fructose-1,6-bisphosphate, 100 KCl, 10 MgCl 2 , excess coupling enzyme (LDH), pH 7.4. Preliminary experiments verified that substrate concentrations were saturating for all the above assays.
The activity and kinetics of COX were determined for several different starting concentrations of reduced cytochrome c (Cytc [Fe 2þ ]) (200, 100, 50, 30 , and 10 lM). Activities were assayed at 41°C in 50 mM Tris (containing the desired cytochrome c concentration and 0.5% Tween-20, pH 8.0) by measuring absorbance at 550 nm for 5 min. Cytochrome c was reduced with sodium dithionite. Maximal activities (V max ) and substrate affinities (K m , the concentration of Cytc [Fe 2þ ] at 50% V max ) were determined by fitting least squares Michaelis-Menton regressions to the data.
All enzyme assays were run in triplicate. Background reaction rates were measured in control reactions that contained no substrate. Enzyme activities were determined by subtracting the background rate from the rates measured in the presence of substrate. We used the standard curves of absorbance versus NADH or Cytc [Fe 2þ ] concentrations to determine the extinction coefficients (e) for HADH, LDH, PK, and COX and used an e of 13.6 optical density (OD) mM À1 cm À1 for CS and CPT. Heart myoglobin (Mb) content was measured using a previously described method (Egginton 1986) . Absorbance spectra of homogenates were obtained at 1 nm intervals between 490 and 620 nm, which includes oxymyoglobin peaks at 542 and 578 nm. Mb-specific absorbance was determined at 578 nm by subtracting nonspecific background absorbance. Mb contents were calculated using an e of 12.8 OD mM À1 cm
À1
. The protein contents of homogenates were also determined (using the bicinchoninic acid method) and were found to be similar between species. Enzyme activities and Mb contents are reported both relative to the protein contents of homogenates and for the entire ventricle mass.
COX Protein Abundance by Western Blotting
The homogenates of left heart ventricle samples were denatured for 3 min in boiling Laemmli sample buffer (Bio-Rad, Mississauga, ON, Canada). Denatured proteins were separated in 12% sodium dodecyl sulfate-polyacrylamide gels for 60-90 min at 120 V in a Mini-Protein Tetra System (Bio-Rad). Separated proteins were transferred to polyvinylidene difluoride membranes (Amersham, Piscataway, NJ, USA) at 40 V for 2 h. Membranes were incubated in blocking solution overnight (5% skim milk powder in Tris-Tween buffer solution (TTBS): 50 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.6) and were then incubated for 2 h with primary antibody in blocking solution. Mouse monoclonal antibodies against human COX subunits 1, 3, and 4 (Invitrogen, Burlington, ON, Canada) that are known to cross-react against the COX subunits in chicken heart (Cisar et al. 2004 ) were used as suggested by the manufacturer (0.5-3.0 lg ml
À1
). Membranes were then incubated for 2 h with 0.04-0.08 lg ml À1 of goat antimouse secondary antibody (horseradish peroxidase conjugated; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in TTBS. Membranes were developed (ECL Plus Detection Reagent, Amersham) and band intensity was detected by chemiluminescence using a BioSpectrum Imaging System (UVP, Upland, CA, USA). A protein standard (created by mixing protein from multiple individuals) was used to generate a dose-response curve for each antibody. This protein standard was included on each gel to control for transfer efficiency, and all samples are expressed relative to the standard. Each sample was normalized to the amount of loaded protein determined by Coomassie blue staining. Band quantification was performed using the gel analysis feature of ImageJ (Rasband 2009 ).
COX Subunit Gene Sequencing
The three COX subunit genes encoded by the mitochondrial genome (COX1, COX2, and COX3) were sequenced from one individual per species using a polymerase chain reaction (PCR)-based approach. Total DNA was extracted from left heart ventricle samples using a commercially available kit (DNeasy Blood and Tissue Kit, Qiagen, Mississauga, ON, Canada). Mitochondrial genomes for the three goose species available in the GenBank database (graylag goose, A. anser, NC_011196.1; greater white-fronted goose, A. albifrons, NC_004539.1; Canada goose, B. canadensis, NC_007011.1) were aligned to identify conserved gene regions suitable for designing primers (supplementary table S1, Supplementary Material online). Targets were amplified using Taq polymerase (Fermentas, Burlington, ON, Canada) using the following protocol: 1 cycle of 5 min at 94°C, 40 cycles of 30 s at 94°C, 30 s at annealing temperature (supplementary table S1, Supplementary Material online), and 60 s at 72°C, and one final cycle of 5 min at 72°C. PCR products were sequenced bidirectionally at a local sequencing facility (Nucleic Acid Protein Service Unit, University of British Columbia). Based on the results, COX3 was also sequenced from all five remaining bar-headed geese.
The entire coding sequence of COX subunit 4 messenger RNA (mRNA) (COX4), one of 7-10 COX subunits encoded by the nuclear genome, and a partial mRNA sequence of b-actin (ACTB) were similarly determined. This COX4 sequence is the only isoform present in birds (Little et al. 2010) and it is homologous to mammalian isoform 1 (COX4i1). Total RNA was extracted from ventricle samples (;50 mg) using Trizol reagent (Invitrogen) and stored at À80°C. RNA concentrations were determined spectrophotometrically and RNA integrity was verified by electrophoresis. First strand cDNA was High-Altitude Adaptation in Bar-Headed Geese · doi:10.1093/molbev/msq205 MBE synthesized from 2 lg of RNA using a commercial kit (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Streetsville, ON, Canada) containing random primers. Target transcripts were amplified by PCR and sequenced as before, but with degenerate primers designed against regions that were conserved between chicken (Gallus gallus, NM_001030577.1) and zebra finch (Taeniopygia guttata, EF191921.1) for COX4 and between chicken (L08165.1), turkey (Meleagris gallopavo, AY942620.1), and mallard duck (A. platyrhynchos, EF667345.1) for ACTB (supplementary table S1, Supplementary Material online). The complete consensus sequences and translated products of all genes for bar-headed geese (COX1, GU179002; COX2, GU179005; COX3, GU179008; COX4, GU179011; ACTB, GU179014), pink-footed geese (COX1, GU179004; COX2, GU179007; COX3, GU179010; COX4, GU179013; ACTB, GU179016), and barnacle geese (COX1, GU179003; COX2, GU179006; COX3, GU179009; COX4, GU179012; ACTB, GU179015) were submitted to GenBank (accession numbers are shown). The presence of unique sequence variation in bar-headed geese was assessed by aligning the nucleotide and protein sequences obtained in this study with those for various other species in GenBank using Geneious bioinformatics software (Biomatters Ltd, Auckland, New Zealand).
COX mRNA Expression by Real-Time PCR
The levels of target cDNA were measured by quantitative real-time PCR (ABI Prism 7000, Applied Biosystems). For COX2, COX3, and COX4, primers could be designed that targeted regions of each gene that were 100% conserved between species (supplementary table S1, Supplementary Material online). Two different reverse primers were used for COX1, so the effect of the single nucleotide difference between species in the target region of this primer could be accounted for. PCR reactions contained 1 ll of cDNA, 4 pmol of each primer, and SYBR green master mix (Applied Biosystems) in a total volume of 21 ll. All samples were run in duplicate as follows: 1 cycle of 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Melt curve analysis was used to verify that only a single product was present. A standard curve for each primer set was generated for one sample and all other samples were expressed relative to this standard. All results were normalized to the level of ACTB cDNA. Genomic contamination was negligible for the nuclear genes when assessed in one randomly selected nonreverse transcribed RNA sample per species and was therefore ignored (the proportion of starting cDNA copies was below 1:5142 for COX4 and 1:714 for ACTB). However, mitochondrial DNA contamination was significant for COX1, COX2, and COX3, so its contribution was quantified from nonreverse transcribed RNA for every sample and subtracted from the reported results.
Statistics, Phylogenetic Analyses, and Protein Modeling
Data are generally reported as means ± standarad error where appropriate. Standard analysis of varaiance (ANOVA) and Holm-Sidak multiple comparisons tests were generally used to compare between species. ANOVA on ranks with Dunn's tests were used in the rare cases where data failed tests of normality and homogeneity of variance. Phylogenetically independent contrast analysis was performed using the PDAP module of Mesquite (Midford et al. 2005; Maddison WP and Maddison DR 2009) . The comprehensive phylogeny with branch lengths that we have previously published was used (see fig. 1 for details) (Lee et al. 2008) . Low-and high-altitude strategies were coded as 0 or 1 dummy variable, respectively, as previously described (Garland et al. 1992; ). We tested for significant positive relationships between the standardized independent contrasts of various cardiopulmonary traits and altitude by determining the one-tailed P values for correlations computed through the origin (degrees of freedom, df 5 1 for all). Ordinary least squares regressions were used. Because variation in branch lengths can influence the outcome of these analyses, we repeated the above tests using a phylogeny with uniform branch lengths. A significance level of P , 0.05 was used throughout.
The structures of the catalytic core of COX (COX1, COX2, and COX3) in bar-headed goose and pink-footed goose were modeled and compared. Protinfo PPC, a web server for modeling the 3D atomic level structure of multi-subunit protein complexes (Kittichotirat et al. 2009 ), was used to predict the goose structures using the bovine COX crystal structure (Protein Data Bank ID 2ZXW) as a template. The amino acid sequence of this template was 80.8% similar overall to both geese (individual subunit similarity to bar-headed goose and pink-footed goose, respectively: COX1, 89.1% and 88.9%; COX2, 67.1% and 67.1%; and COX3, 76.4% and 76.8%). We also modeled and compared the effects caused by each individual difference between species by specifically altering the residue of interest in the sequences of pink-footed geese (there was one amino acid difference between species in each COX subunit; see Results). The results from Protinfo PPC were visualized and analyzed using PyMol 1.2 software (DeLano Scientific LLC, Palo Alto, CA, USA).
Results
Organ Masses
The hearts of bar-headed geese were smaller than those of pink-footed geese (table 1) . This was primarily due to a reduction in atrial mass in the former species because the slight decrease in ventricle mass in bar-headed geese was not significant. This contrasts with the situation for the lungs, the organ responsible for diffusive O 2 transport into the blood, which were 25% larger in bar-headed geese than both low-altitude species (table 1).
Capillary O 2 Supply in the Heart
The cardiac myocytes of bar-headed geese had a higher capillarity than those of low-altitude geese ( fig. 2) . The density of capillaries in the left ventricle of bar-headed goose hearts was 25-35% higher than those in pink-footed geese Scott et al. · doi:10.1093/molbev/msq205 MBE and barnacle geese. Capillary supply relative to metabolic demand was also elevated in bar-headed geese, as the ratio of capillary length to CS activity (a marker of mitochondrial abundance) was elevated by 37-49% compared with lowaltitude geese.
Metabolic Capacity of the Heart
The cardiac myocytes of bar-headed geese had similar metabolic capacities to those of low-altitude geese (table 1) . CS activity (per unit protein) in the left ventricle of bar-headed goose hearts was similar to that in pink-footed geese and barnacle geese. There were small differences between species in the activities of other enzymes involved in intermediary metabolism, as barnacle geese had reduced activities of PK and HADH and increased activity of CPT than the other species (PK is a glycolytic enzyme involved in carbohydrate oxidation and HADH and CPT are involved in fat oxidation). Nevertheless, there were no unique differences in bar-headed geese for the activities of any of the above enzymes, nor was there a difference in Mb (an intracellular O 2 -binding protein) content (table 1) . The values we obtained are comparable to previous measurements in geese (Saunders and Fedde 1991; Bishop et al. 1995) .
When the activities of these enzymes were calculated for the entire ventricle mass, a unique difference in bar-headed geese became apparent (table 1). The overall capacity of the citric acid cycle for generating reducing equivalents may be reduced in bar-headed geese because the CS activity of the entire ventricle mass was only ;70% of that in low-altitude geese. In contrast, other enzymes of intermediary metabolism had similar activities between species when calculated for the entire ventricle mass, except for a higher PK activity in pink-footed geese and a higher CPT activity in barnacle geese.
COX Function and Expression
COX function was substantially different in bar-headed geese compared with low-altitude geese. The cardiac myocytes of bar-headed geese had reduced COX capacities, as both maximal activity (V max ) and activity measured at 200 lM concentration of Cytc [Fe 2þ ] per unit protein were only 50-60% of the activities in low-altitude geese ( fig. 3) . The COX activity calculated for the entire ventricle mass was also reduced (table 1) similar to the variation observed for CS. However, the reduction in maximal COX activity appeared to exceed that of CS, as the ratio of COX to CS was reduced in bar-headed geese compared with barnacle geese (bar-headed goose, 2.06 ± 0.13; pink-footed goose, 2.48 ± 0.23; barnacle goose, 2.89 ± 0.18). COX activity was similar between species at lower concentrations of Cytc [Fe 2þ ] due to a large alteration in COX enzyme kinetics: The concentration of Cytc [Fe 2þ ] at half-maximal activity (K m ) was only ;20% in bar-headed geese of what it was in low-altitude geese ( fig. 3B) . Therefore, near-maximal High-Altitude Adaptation in Bar-Headed Geese · doi:10.1093/molbev/msq205 MBE COX activities would be better sustained in bar-headed geese when cytochrome c in the electron transport chain is oxidized.
The expression of some COX subunits was slightly different in bar-headed geese than in low-altitude geese ( fig. 4) . Protein abundance and mRNA expression of COX subunit 1 was similar between species, so the decreased V max of bar-headed geese was probably a kinetic difference that was not due to a reduction in the abundance of enzyme active sites. However, there were small differences in the expression of COX subunits 3 and 4, which manifested in a higher abundance of subunit 4 relative to subunit 3 in bar-headed geese ( fig. 4B ). In general, the patterns of variation in protein abundance ( fig. 4A) were loosely paralleled by variation in mRNA expression ( fig. 4C ).
Phylogenetically Independent Contrast Analyses
Phylogenetically independent contrast analyses were performed to test for positive relationships between the above traits and altitude (see table 2 and Materials and Methods). There were significant positive relationships with altitude for lung mass and heart capillarity ( fig. 5A and B) , and significant negative relationships for COX K m and CS activity of the whole ventricle ( fig. 5C and D) . There were significant relationships with altitude for Mb content of the whole ventricle and COX1 mRNA expression, but these were not significantly different between species using conventional statistics. Nevertheless, the associations between ] at half-maximal activity), and (C) maximal COX activity (V max ) values from Michaelis-Menton regressions (the regressions shown in A are for the average values for each species). * represents a significant difference from both low-altitude species detected by post hoc comparison.
FIG. 4 (A)
Protein abundance of COX subunits 1, 3, and 4 (COX1, COX3, and COX4, respectively) in the heart (left ventricle) differed between bar-headed geese (n 5 6), pink-footed geese (n 5 8), and barnacle geese (n 5 8), as did the relative proportion of COX subunits (B). Representative immunoreactive bands are also shown in A, detected at ;52 kDa for COX1, ;30 kDa for COX3, and ;18 kDa for COX4. (C) The mRNA expression of COX1, COX2, COX3, and COX4 also differed between species. COX subunit mRNA expression is normalized to b-actin and is shown relative to the average value for pink-footed geese. *, , and à represent a significant difference from both other species, just pink-footed geese, or just barnacle geese, respectively, in post hoc comparisons. Scott et al. · doi:10 .1093/molbev/msq205 MBE many of the unique characteristics of bar-headed geese and high altitude are independent of phylogeny.
Evolution of COX Sequence and Protein Structure
There was a high degree of sequence conservation among all six species of geese for COX subunits 1, 2, and 4. COX1, COX2, and COX4 were 92%, 92%, and 98% similar at the nucleotide level and 99%, 97%, and 99% similar at the amino acid level, respectively. For these genes, there were no nonsynonymous differences in bar-headed geese that were not shared by another species in the genus Anser (table 3) . COX3 was also highly conserved across geese, being 90% and 98% similar at the nucleotide and amino acid levels. However, one of the five nonsynonymous nucleotide substitutions in COX3 among goose species was unique to bar-headed geese (table 3, supplementary fig. S1 , Supplementary Material online). Residue 116 was a neutral and nonpolar amino acid in all low-altitude geese examined (tryptophan), but in bar-headed geese, this residue was positively charged (arginine) (table 3). Indeed, Arg-116 was the unambiguous genotype of all six bar-headed goose individuals that were sequenced (supplementary fig. S2 , Supplementary Material online). Not only was Trp-116 conserved in low-altitude geese, a thorough search of the full-length COX3 sequences available in GenBank showed that Trp-116 was otherwise completely conserved across vertebrates (supplementary fig. S3 , Supplementary Material online). In addition, the two residues immediately following were conserved in all but two teleost fish species (javeline goby, Acanthogobius hasta, and grayling, Thymallus thymallus). The Trp-116 / Arg substitution in bar-headed geese is therefore unique among vertebrates and results in a major functional change of amino acid class. Bar-headed geese were also unique in having both Asn-136 in COX1 and Met-41 in COX3, but neither of these sites was unique in isolation (table 3) .
Homology modeling suggested that the Arg-116 substitution in bar-headed geese altered COX protein structure and intersubunit interactions. The predictions from Protinfo PPC (see Materials and Methods) for the COX catalytic core (COX1, COX2, and COX3) of bar-headed geese and pink-footed geese were 81.5% confident of the structure and 88.4% confident of the intersubunit interfaces. The Arg-116 substitution was located between the third and fourth helices in the subunit (helices 23 and 24 in the COX protein), and is located on the cytosolic side of the inner mitochondrial membrane ( fig. 6A ). Several amino acids in COX3 were predicted to be at slightly different orientations in bar-headed geese compared with pink-footed geese. The carboxyl groups of Gly-260 and Ser-105 (the latter is part of helix 23 in the protein) were predicted to shift by 0.4 and 0.2 Å , respectively, and the side chain of Pro-108 moved by 0.3 Å . Furthermore, a 0.1 Å shift in the side chain of Tyr-193 toward residue Gly-225 of COX1 resulted in a novel polar interaction between these residues to be detected by the model. This added a fourth interaction with Gly-225 of COX1, which also interacts with in COX3 of both species ( fig. 6B and  C) . Gly-225 of COX1 is located 14 Å from the initial proton acceptor in a proton pumping pathway (Asp-132 of COX1). These structural differences between species were primarily attributable to Arg-116 for two reasons: 1) the same effects were observed when Trp-116 in COX3 of pink-footed goose was replaced with Arg and 2) altering pink-footed goose COX1 (Asp-136 / Asn, which is between helices 4 and 5 in the protein) or COX2 (Thr-33 / Ala, which is in helix 18 in the protein) at the divergent sites in each subunit (table 3) were unable to recreate the novel interaction between COX3 and COX1 (supplementary table S2, Supplementary Material online). In fact, the specific alteration of Asp-136 / Asn in COX1 of pink-footed geese had no The interaction between Glu-508 of COX1 and Gln-4 in COX3 was predicted to be lost in bar-headed geese due to a slight shift of Gln-4 in COX3 (supplementary table S2, Supplementary Material online). Gln-4 is within 13 Å of the cAMP-dependent phosphorylation site in COX3 (Glu-64) and the nearest phospholipid-binding site (His-71). Specifically substituting Trp-116 for Arg in COX3 of pink-footed geese also eliminated this interaction (supplementary table S2, Supplementary Material online). However, substituting Thr-33 for Ala in COX2 had a similar effect, suggesting that multiple sites may contribute to this species difference in intersubunit interactions.
Discussion
High-altitude adaptation has conferred upon bar-headed geese an exceptional capacity for exercising in hypoxia. Associated with this capacity is a uniquely derived alteration in the kinetics of cardiac COX, the heteromeric enzyme that catalyzes the terminal reduction of O 2 in oxidative phosphorylation ( fig. 3) . Although changes in gene regulation of the enzyme subunits may contribute to this difference ( fig. 4) , it is more likely caused by a single amino acid substitution in COX subunit 3 (Trp-116 / Arg). This novel mutation occurs at a site that is otherwise conserved across vertebrates (supplementary fig. S3 , Supplementary Material online) and results in a major functional change of amino acid class (table 3) that could alter the intersubunit interaction of COX3 with COX1 ( fig. 6 ). This putative adaptation of mitochondrial enzyme kinetics occurs in conjunction with an improvement in cardiac O 2 diffusion capacity ( fig. 2 and table 1 ), both of which should be extremely beneficial for high-altitude flight.
Evolutionary Physiology of Bar-Headed Geese
Previous studies of bar-headed geese have suggested that an enhanced physiological capacity for O 2 transport is important for high-altitude adaptation. This enhanced capacity is evident at multiple steps in the O 2 transport pathway, namely ventilation (Scott and Milsom 2007; Scott et al. 2008) , circulation (Petschow et al. 1977) , and peripheral O 2 diffusion ). The present study suggests that pulmonary O 2 diffusion capacity may also be enhanced by the higher surface area afforded by an increase in lung mass (table 1) . This increase is uniquely derived in bar-headed geese based on the significant relationship between lung size and altitude that is independent of phylogenetic history ( fig. 5 ). This is consistent with findings in animals that are acclimatized to high altitude (Hammond et al. 1999; Hsia et al. 2005 ; Yilmaz et al.
FIG. 5
Regressions between standardized independent contrasts of various physiological traits and altitude strategy. Gray triangles represent the barheaded goose to pink-footed goose contrast. After phylogeny was taken into account in this way, there were positive relationships between altitude and relative lung mass (R2 5 0.999) (A), capillary density (R2 5 0.987) and capillary length relative to CS activity (R2 5 0.991) (B), and negative relationships between altitude and the Km of COX for Cytc [Fe 2þ ] (R2 5 0.999) (C) and CS activity of the whole ventricle (R2 5 0.999) (D). Altitude strategy was coded by a dummy variable. The significant correlations shown are for the actual branch lengths from the phylogeny ( fig. 1 ), but the correlations were generally significant with uniform branch lengths as well (see Materials and Methods and table 2 for other details). Scott et al. · doi:10.1093 /molbev/msq205 MBE 2007 except that lung mass is constitutively higher in barheaded geese before any exposure to hypoxia.
The heart ventricle of bar-headed geese also has a higher O 2 diffusion capacity, consistent with our previous findings in the flight muscle ). The greater density of capillaries in bar-headed geese ( fig. 2) , which should provide a greater surface area for O 2 diffusion from the blood into the cardiac myocytes, was related to life at high altitude and not phylogenetic history ( fig. 5 ). Capillarity was also higher in bar-headed geese after metabolic demand was taken into account, so this enhancement in O 2 diffusion capacity may serve primarily to improve O 2 transport in hypoxia. This strategy may be especially important in the heart muscle of high-altitude animals in which Mb levels are not typically elevated to facilitate intracellular O 2 movement (table 1) (Reynafarje and Morrison 1962; Snyder et al. 1984; Saunders and Fedde 1991) . A promising explanation for these findings is that heart capillarity and lung mass increased in bar-headed geese during high-altitude adaptation. However, alternative evolutionary explanations are also possible, such as genetic correlations with other phenotypes, selection related to something other than high-altitude performance, or fixation of traits without any adaptive value (Lauder et al. 1993 ).
The higher capillarity should help sustain normal function during hypoxia, but the hearts of bar-headed geese do not have a higher aerobic capacity in normoxia. The metabolic capacity of the ventricles, reflected by enzyme activities calculated for the whole ventricle mass, is either similar to or less than that of low-altitude birds (table 1) . This suggests that there is no inherently greater capacity for barheaded geese to deliver O 2 throughout the body via higher cardiac outputs. However, this capacity may be improved by high-altitude acclimatization, which has been shown to increase heart size (Hammond et al. 1999 ) and metabolic enzyme activity (Sheafor 2003) in other species. There may also be differences in metabolic regulation between species that lead to variation in the fraction of in vitro enzyme capacity that can be realized in the heart in vivo (i.e., v/V max ) (Suarez et al. 2005 ).
Evolution of COX Function
Our results with COX demonstrate that high-altitude adaptation may involve physiological systems other than those important for O 2 transport and utilization. Although in COX3 of both species (interacting residues are shown with dotted lines). This novel interaction was also present in a pink-footed goose model containing the Trp-116 / Arg substitution in COX3, but pink-footed goose models containing substitutions at the single divergent sites in each of COX1 and COX2 did not recreate this novel interaction. High-Altitude Adaptation in Bar-Headed Geese · doi:10.1093/molbev/msq205 MBE there is a striking alteration in the kinetics for Cytc [Fe 2þ ] (fig. 3) , COX of bar-headed geese has similar kinetics for O 2 as that of low-altitude geese ). Mitochondrial respiration is therefore just as sensitive to intracellular hypoxia in bar-headed geese as it is in low-altitude geese. If not for sustaining oxidative phosphorylation during hypoxia, then why would this alteration in COX function have uniquely evolved in bar-headed geese?
Intracellular hypoxia at high altitude can increase the production of ROS in both birds and mammals and thus cause oxidative damage to various cellular components (Currie 1999; Dosek et al. 2007 ). This comes about because when O 2 supply to COX is limited mitochondrial redox shifts toward a more reduced state (Aon et al. 2010) . ROS production could therefore be minimized in high-altitude species by maintaining a more oxidized redox state in the electron transport chain during hypoxia (Brown et al. 2009 ). The lower substrate affinity (K m ) for Cytc [Fe 2þ ] in bar-headed geese should be extremely beneficial in this regard because less Cytc [Fe 2þ ] is needed to sustain maximal rates of respiration by COX. Bar-headed geese may therefore be capable of sustaining cardiac output during hypoxia without experiencing large shifts in mitochondrial redox toward a more reduced state, thus minimizing cellular damage induced by ROS. If this is part of a general strategy in bar-headed geese for reducing ROS production, it is possible that specializations in other mitochondrial enzymes that limit the excess supply of reducing equivalents to the electron transport chain or that minimize autooxidation of the mitochondrial complexes may also exist.
It is unclear if the small differences in COX subunit expression ( fig. 4) contribute to the large interspecific differences in substrate affinity or maximal activity (V max ). COX has 10-12 subunits in birds and 13 in mammals (Kadenbach et al. 1991; Little et al. 2010 ). The three subunits encoded by the mitochondrial genome (subunits 1, 2, and 3) create the catalytic core and are well conserved across eukaryotes, whereas the remaining nuclear subunits are thought to have evolved to regulate catalytic activity (Kadenbach et al. 1991) . Differential regulation of COX subunits and their isoforms occurs and can therefore influence enzyme kinetics (Kadenbach et al. 1991; Horvat et al. 2006; Frick et al. 2010) . High-altitude exposure influences the expression of many metabolic enzymes (Flueck 2009 ) and some COX subunits are differentially expressed in the flight muscle of sparrows collected from different altitudes (Cheviron et al. 2008) . In addition to the subunits in the catalytic core, the hypoxia-sensitive regulatory subunit COX4 is thought to have a particularly strong influence on enzyme kinetics (Fukuda et al. 2007 ). However, neither the absolute expression nor relative proportions of these COX subunits were uniquely different in bar-headed geese after phylogeny was taken into account (table 2) . Differences between species in how well the heterologous antibodies recognized each COX subunit may have influenced these results, but the patterns of variation in protein abundance were loosely paralleled by variation in mRNA expression. Although it is possible that the expression of other COX subunits not assessed in this study could differ between species, our results do not persuasively support a role for differences in gene expression, nor corresponding variation in noncoding regulatory regions of these genes, in causing the unique COX kinetics in bar-headed geese.
The predicted structural effects of the Trp-116 / Arg substitution in COX3 ( fig. 6 ) make this mutation a strong candidate mechanism for the unique substrate affinity and maximal activity of COX in bar-headed geese. COX3 has no direct role in electron transfer but is probably important for proton pumping. The exact mechanism involved is not known, but it has been argued that many of the interaction sites between COX3 and COX1 could contribute to pumping efficiency (Hosler 2004) . The most established influences of COX3 are on the environment around Asp-132 of COX1 (the initial proton acceptor of the ''D'' proton pumping pathway), on the phospholipid-binding sites that mediate proton transfer through the protein, and on the undefined exit pathway for protons (Hosler 2004) . COX3 may also be important for mediating the strong effect of ATP on enzyme kinetics via cAMP-dependent phosphorylation at residues Arg-63, Glu-64, Ser-65 (Bender and Kadenbach 2000; Lee et al. 2002) . It is notable in this regard that the interaction sites between COX3 and COX1 that are altered in bar-headed geese are within 15 Å of Asp-132, Glu-64, and a phospholipid-binding site in COX3. Trp-116 / Arg may also have effects outside of the catalytic core. However, the role of COX3 is somewhat enigmatic, so the potential catalytic mechanism relating the structural effects of the Trp-116 / Arg substitution ( fig. 6 ) to the altered Cytc [Fe 2þ ] kinetics ( fig. 3 ) in bar-headed geese remains to be fully explained. Additional genetic changes could also be important. The unique combination of Asn-136 in COX1 and Met-41 in COX3, which had no perceptive effect in our models, could influence enzyme kinetics in a way that cannot be discerned from structures of the catalytic core alone. Alternatively, sequence differences in coding or regulatory regions of the other COX subunits could play a role. These possibilities await further exploration.
Molecular Basis for High-Altitude Adaptation
One difficulty in ascribing an adaptive role to single amino acid substitutions arises from the difficulty in using standard tests of positive selection for closely related sequences (Anisimova et al. 2002; Hughes 2008) . Ratios of nonsynonymous (dN) to synonymous (dS) substitution rates could not be used in this study to detect positive selection on COX3 because the consensus sequences for bar-headed goose and their sister species (graylag goose) differed by only a single nonsynonymous substitution (dS 5 0 makes dN/dS undefinable) (supplementary fig. S1 , Supplementary Material online). However, the strong conservation of this site across vertebrates strongly suggests that the Trp-116 / Arg substitution has functional consequences and arose at the very least from a relaxation of purifying selection, if not positive selection. Selection on single amino acid mutations is undoubtedly an important mode of adaptation (Jessen et al. 1991; Hoekstra et al. 2006 ) because major Scott et al. · doi:10.1093/molbev/msq205 MBE adaptive shifts in protein function often require only a small
